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Nomenclature

symbol Meaning Units
S..................... angle-of-attack .......... degrees
D ..................... drag force ............... lbf
L ..................... lift force ............... lbf
NDP ................... normalized drag

parameter ................ ft2
NLP ................... normalized lift

parameter ................ ft2
p ..................... density of fluid medium..lb/ft 3

Xl .................... x-component force on
left strut ............... lbf

Y1 .................... y-component force on
left strut ............... lbf

X2 .................... x-component force on
right strut .............. lbf

Y2 .................... y-component force on
right strut .............. lbf

U ................... tow velocity ............. ft/sec

Besides these symbols, there are two terms in this report

which may be unfamiliar to some readers, and therefore merit

further explanation.

Littoral region refers to the ocean and land areas near

the shore. Because future military threats will probably come

from smaller countries or political groups who must by

necessity fight closer to their own coastlines, the United

States Navy has recognized a need to develop and enhance

capabilities in this region.

Reynolds number (Re) is a measure of the ratio of the

inertia force on an element of fluid to the viscous force on

an element, and is represented by the following equation:

Re - PV(i)



where V and 1 are some characteristic velocity and length,

respectively, and A is the fluid viscosity. Reynolds number

is non-dimensional (Munson (1994)).



Abstract

There is significant military interest in the dynamic

behavior of a net array of circular cylinders traveling

through a fluid medium. Although research has been conducted

on a towed single line configuration in water, there is little

information regarding the dynamic behavior of a towed net

configuration. This investigation examined the effect that

physical geometry, tow velocity, and tow angle-of-attack had

on the lift and drag acting on a net towed in water. The

measurements indicate a significant relationship between these

factors and the stability of the net, and also provide

normalized polynomial equations which will be useful in

predicting the aero-ballistics of the net.
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1. Introduction

In the aftermath of the Cold War, naval focus has been

shifting from the open-ocean to littoral regions. As a

result, future military threats are expected to come from

smaller countries equipped with inexpensive but effective

weapons. An example of this would be land mines placed close

to the shore to hinder amphibious operations. In light of

this, minesweeping capabilities have become a topic of special

interest to the United States Navy. Because conventional

minesweeping techniques are not tailored for shallow-water

operations, they are not nearly as effective at clearing mines

near the beach in what is referred to as the surf zone.

One possible solution currently under scrutiny is a

portable, rocket-propelled "net" with explosive charges

distributed evenly throughout the array. The lines of the net

would be made of detonating cord or rope arranged in a grid-

like pattern, and explosive charges would be placed at regular

intervals along the lines of the net. The net would be

connected to a line of high strength nylon webbing which would

couple the rocket propulsion system to the explosive array

(Granger (1994)). Prior to deployment, the net would be

carried on board an air-cushion vehicle that would travel

within range of the surf zone. The net would then be fired by

the two rockets, spreading the net out before it impacted the

surf. Upon impact, it would sink to the bottom and the
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detonate, producing sympathetic explosions from submerged land

mines within the effective area of the weapon. The resulting

"cleared area" would allow safe passage for personnel and

amphibious vehicles. The air-cushion vehicle near the center

of Figure 1 illustrates the net being deployed.

Unfortunately, little is known at this time regarding the

fluid behavior of a net array of fixed charges. Two recent

inquiries in a related area were conducted by Granger (1993

and 1994). In these investigations, the behavior of a single

line array of fixed charges was examined. The present study

continues this earlier research, exploring the dynamic

behavior of a net array of fixed charges. Of particular

interest is the behavior of the prototype net as it is

deployed from the launch platform and travels through the air.

The aerodynamic characteristics of the net determine

significant performance parameters like range and stability.

To determine the dynamic characteristics of the prototype

net, a one-half scale model of the net was designed, built,

and towed at a specific Reynolds number in various underwater

configurations to obtain experimental values of the total lift

and total drag on the system of charges as a function of

angle-of-attack. The experimental results of lift and drag

were then normalized with respect to the dynamic pressure so

that a complete similitude could be achieved between the test

model (traveling in water) and the prototype (traveling in
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air) (Munson (1994)). The following two equations illustrate

the normalization of the drag and lift:

D
NDP - 1 2 (1)

2

NLP - L
1 (2)

Note that the denominator in both equations is the dynamic

pressure. This is the same nomenclature used by Granger

(1994), and therefore facilitates a comparison of results. By

matching the Reynolds number of the model and the prototype,

the equivalent speed of the prototype could be determined.

Then, by matching the drag and lift coefficients, the lift and

drag forces for the prototype net moving through the air could

be determined. The calculated results could also be expressed

in regression polynomials to simplify aerodynamic analysis.

Due to the time taken by the experimental portion of this

investigation, a theoretical aerodynamic analysis was not

conducted for this report. A theoretical study on the

behavior of a single line array in water was conducted by

Granger (1993).
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2. Facility and Equipment

The experiment was conducted in the 380-foot Tow Tank

located in the basement of Rickover Hall at the United States

Naval Academy. Constructed of steel and concrete, the

facility consists of a tank with glass viewing windows,

control room, waveboard, beach area, and both high-speed and

low-speed towing carriages. A schematic of the Tow Tank

facility is presented in Figure 2. Note that neither the

beach area nor the waveboard were used during this

investigation. The finger pier located at the right hand end

of the tank in Figure 2 allowed easy transportation of the

arrays from the shore to the carriage. The carriage could be

moved along the rails above the surface of the water at a

predetermined constant speed over approximately 300 feet of

the tank length.

The Box Beam Support, a part of the PMM (Planar Motion

Mechanism), is located on the underside of the carriage.

Figure 3 shows a side view of the PMM. The PMM includes a

verniered circular gear which allows the operator to rotate

and set the PMM through 180 degrees in the horizontal plane.

Figure 4 shows a picture of this verniered gear. In the

experiments on a single line array conducted by Granger

(1994), special struts and extensions were designed and

fabricated to serve as the direct interface between the array

and the PMM. This same equipment was used to connect the
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U.S. NAVAL ACADEMY HYDROMECHANICS LABORATORY
380 FT TOWING TANK

DOUBLE FL-AP

WAVEOARDRECTANGULAR BARS
26.0 1t DRYDOCI<

V FINGERPIER

~8.0 ft

i3 S4t 120 3

4 20.4 f

Notes: (1) Not to scale
(2) All dimeinsions are inside measurements

CARRIAGE

Figure 2: USNA 380-Foot Towing Tank
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Figure 3: Planar Motion Mechanism

Figure 4: Verniered Gear on Towing Carriage
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present net array to the PMM. Figure 5 presents the entire

interface. The four principal sections of this assembly are

described below.

The steel extension arm, located at the top right hand

corner of Figure 5, joined the interface to the PMM. Figure

6 also illustrates this connection.

Near the top center of Figure 5 is the dual block gauge

assembly. Figure 6 is an expanded picture of this section.

The angle brackets positioned the two force block gauges that

measured the forces acting on the net array. Figure 7 shows

both of these block gauges. The gauge is a Hydronautics 4-

inch modular block unit rated for a maximum load of 500 lbf.

The load cell was excited using a 10 VDC power supply whose

output was fed to a variable-gain data translation A/D board

in the computer. Average voltage readings during towing were

converted to pounds based on the initial calibration graph

(See Figure 8).

In the center of Figure 5 is the streamlined strut

assembly. A one-inch diameter solid stainless steel bar was

fitted into a hollow one-inch 2 stainless steel rectangular

bar, which was in turn fitted into a 1.42-inch diameter

stainless steel pipe. This provided sufficient strength to

withstand a 2000 ft-lbf moment. The reinforced bar was

cantilevered to a block gauge, and a streamlined plate was

fitted to the assembly to minimize the drag. Since the

assembly was free to rotate, the streamline surface could
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Figure 5: PMM-to-Array
Interface

Figure 6: Block Gauges with
Extension Arm and Streamlined

Surface
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Figure 7: Two Block Gauges and a
Cross-connecting Line
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TRANSDUCER H05 CHANEL BG45005 CALBRATION CURVE
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600

400
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0
-15000 -10000 -5000 0
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Figure 8: Block Gauge Calibration Graph
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align itself with the fluid flow during a specific test,

helping to reduce the total drag. When connected to the PMM,

the strut assembly placed the net array four feet below the

free-surface in order to reduce the effect of surface

turbulence on the measurements.

The load binder assembly is seen to be located at the

bottom of one of the streamlined strut assemblies in Figure 5.

An expanded picture of the assembly is shown in Figure 9. The

purpose of the load binder was to put tension on the leading

line array. Since the leading line array could not be fed

directly through the load binder, it was threaded through a

steel ring and secured to itself using two large clamps. A

length of webbing was also threaded through the steel ring,

and the free ends of the webbing were fed into the load

binder. The other end of the leading line array was looped

and secured around the opposite strut. Tension was applied to

the leading line array by ratcheting the load binder.

The net array of cylinders was constructed exclusively

for this experiment. An important consideration in the design

of the net array was the speed and ease with which it could be

changed. The four major components of the net array are

discussed below.

To simulate the explosive charges of the prototype net,

circular cylinders were designed and fabricated. The

cylinders were constructed of 3.5 inch OD schedule 40 aluminum

6061T6 pipe which had endplates made of 0.125 inch aluminum
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Figure 9: Load Binder Assembly
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5052 sheet welded onto both ends. Figure 10 shows three

different views of the cylinder. The completed cylinders were

6.125 inches in length. The single lines were threaded

through the large central hole in the ends (diameter 9/16

inches), and water entered the cylinder via four smaller outer

holes (diameter 0.125 inches) located on both ends of the

cylinder. With the cylinders full of water, the cylinder-rope

system had a slight negative buoyancy.

The primary structural component of the net array was the

single line array. Each line array was made of half-inch

diameter three strand nylon rope, and had a length of 15 feet.

The ends were cut and shaped by a hot knife to prevent

fraying, thereby making it easier to thread through each of

the cylinders.

Consecutive single line arrays were attached to each

other by cross-connecting lines as shown in Figure 11. These

cross-connecting lines were one-foot in length, and consisted

of two steel bolt snaps joined by a length of rope. The rope

was looped through the ring at the bottom of the bolt snap and

secured to itself with half-inch width steel hose clamps at

both ends. One of these cross-connecting lines is located at

the bottom of Figure 7. The "snapping" end of the bolt snap

had a 0.75 inch diameter and was easily fastened around the

line arrays. These were placed between consecutive cylinders

to complete the "net" effect.
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To prevent the cylinders and connecting lines from

slipping out of their original positions, rubber hose clamps

served as "stops." When attached securely to a line, these

hose clamps were immobile.

For real time observation of the underwater net array

during carriage movement, a miniature video camera was placed

underwater forward of the test rig and focused on the net

array. The images captured by the camera of the net's

stability were recorded onto video tape for subsequent

observation and analysis.

3. Measurement Techniques

The measurement technique used in this experiment was to

tow the net array in various configurations and to record the

effects of these modifications on the lift and drag forces

acting on the net array. The five parameters altered in the

experiment and their ranges are as follows:

(a) Number of line arrays (1 through 8);

(b) Number of cylinders per line array or relative

cylinder spacing (3 cylinders/36 inches, 6

cylinders/24 inches, 11 cylinders/12 inch spacing);
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(c) Pre-tension' of the first line array (low/high

tension);

(d) Angle-of-attack (a) of the net array with direction

of motion (0, 6, 10, 16, 20, 26, 30, 40, 50, 60, 70,

80, 90 degrees for single line arrays, and 30, 40,

50, 60, 70, 80, 90 degrees for configurations with

two or more arrays). See Figure 12;

(e) Speed of towing carriage (3 knots/5.04 ft/sec, 6

knots/10.07 ft/sec).

Note that in (c), the two available tensions were named low

and high. Due to the elastic properties of the rope, the

tensioning equipment could not hold a constant value of

tension. This was especially apparent during the low tension

trials. The low tensions were maintained as close to 100

pounds as possible, and the high tensions were maintained as

close to 200 pounds as possible.

Before any actual tow tests were run, a pre-test matrix

was developed, enumerating the possible combinations of the

five parameters outlined above. This was used as a guideline

for the test runs. A representative portion of the pre-test

matrix is depicted in Table A.1 in Appendix A.

The experimental measurements of the forces acting on

each of the streamlined struts were collected by means of the

Pre-tension simulated the tension placed on the first array
by the rocket delivery system.
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Figure 12: Diagram of Struts and Leading Line Array
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Hydrodynamics Laboratory System (HLS) as described by Granger

(1994). Figure 13 presents a conceptual layout of the HLS.

It runs on an Ethernet Local Area Network featuring a

fileserver, an application server and five workstations, all

of which are fully implemented through a 486 computer system.

The purpose of the HLS is to provide a flexible user-oriented

program for control of data acquisition, analysis of acquired

data, and the production of graphic and tabular output of the

acquired data and analysis results.

3.1: Experimental Procedure

The procedure utilized to obtain the data is delineated

below:

STEP 1: Referring to the pre-test matrix (see Appendix

A), the desired net array configuration was assembled

ashore near the finger pier and transported to the

carriage through the water by scuba divers. If tension

needed to be adjusted, that was also taken care of by the

divers.

STEP 2: Angle-of-attack of the array and the pre-tension

of the leading line array were set. Once the pre-tension

was verified by the computer and recorded, the carriage

quickly accelerated to the predetermined tow velocity.

Data consisting of the x- and y- components of the forces

acting on each streamlined strut (see Figure 12) were
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taken while the carriage ran at constant speed. The

carriage quickly decelerated before it could collide with

the waveboard, and was then brought back to the initial

position. The x- and y- forces on the net array were

recorded by a sampling process (slowest sampling rate was

51.2 samples per second).

STEP 3: The data were truncated, cutting out the

acceleration at the beginning of the run and the

deceleration at the end of the run. The remaining values

were averaged and recorded. All these calculations were

conducted while the carriage was returning to the initial

position.

STEP 4: Steps 1 through 3 were repeated, changing angles-

of-attack, velocities, number of line arrays, number of

cylinders per line array, and pre-tension in the leading

line array (in that order). Modifications to the pre-

test matrix occurred due to two reasons. First, the

maximum moment that each streamlined strut could

withstand was 2000 ft-lbf. Since each strut was four

feet in length, the maximum force limitation was 500 lbs.

Second, tow tank use for this experiment was limited to

just under three weeks for data collection. Because of

this, the pre-test matrix was abbreviated in order to run

as many different net configurations as possible.

Another consequence of the time constraint was that
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measurements could not be repeated for an uncertainty

analysis.

Table A.2 in Appendix A lists the collected and corrected data

obtained from the measurements.

4. The Measurements

The data in its raw form were collected as force

components on each strut parallel to the first line array (x-

component) and perpendicular to it (y-component). Figure 13

presents the nomenclature used to describe the geometry of the

force components. Referring to Figure 13, one should note the

following:

C(: Angle-of-attack (degrees);

p: Density of water (lbs/ft 3);

X1: Force parallel to leading line array on left strut

(lbs);

X2: Force parallel to leading line array on right strut

(lbs);

Y1: Force perpendicular to leading line array on left

strut (lbs);

Y2: Force perpendicular to leading line array on right

strut (lbs);

U-: Tow Velocity (ft/sec).
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The forces obtained were then corrected by subtracting the x-

and y- components of the tare readings for the struts and the

pre-tension on the leading line array, which acts solely in

the x-direction.

Using the corrected force values, the actual drag and

lift forces can be expressed by the following equations:

X1 + X2 Y1 + Y2
m :()cos c - ) sin (3

2 2

L ( X1 + X2 Y1 + Y2
L=()sin± ( ) cosG@ (4)

2 2

Based on these equations, the drag and lift were represented

in this experiment by the Normalized Drag Parameter (NDP) and

the Normalized Lift Parameter (NLP), respectively. These were

determined as follows:

NDR = (X1 + X2) cos a - (Y1 + Y2) sin a(NDPP E (5

NLR = (X1 + X2) sin a + (Y1 + Y2) cos (6)
PN u
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Both of these parameters are in fact the coefficient of drag

or lift multiplied by area. Since they are identical to the

ones used by Granger (1994), it is easier to make a comparison

of the results.

The NDP and NLP data for the various experimental runs

were plotted against angle-of-attack in order to analyze the

effect of modifying net array geometry, tow velocity, and

angle-of-attack on the forces which acted on the net array.

Polynomials were fit to the data and plotted through the data

points and were grouped together in families of curves.

Appendix B lists the polynomial equations calculated for each

individual curve. These equations could be used in a

similitude analysis to predict the behavior of the net array

as it traveled in the air.

Each family of curves isolated and varied one of the net

array configuration variables (number of arrays, number of

cylinders per line array, velocity, or pre-tension), thereby

illustrating its effect on the behavior of the array. The

following sections discuss the experimental results. Note

that the graphs containing curves for a single line array also

have a dashed-line curve on them, with the exception of Figure

37, which has two dashed-line curves for two separate tow

velocities. Each dashed-line curve represents the polynomial

equations of NDP or NLP (as appropriate) with respect to

angle-of-attack obtained by Granger (1994) for the single line

array with two cylinders towed through water for the speed
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indicated on the graph. It is important to point out two

differences between the equipment used in the investigation

outlined by Granger (1994) and the equipment used in the

present investigation. First, Granger used two parallel

strands of webbing to hold the cylinders to each other and to

the struts instead of the single rope setup used in the

present investigation. Second, although the cylinders in both

experiments had the same diameter to length ratio, Granger's

cylinders were two times as long as the cylinders used in the

present study. The discrepancy in cylinder size was accounted

for by Reynolds number matching.

4.1: NDP versus Angle-of-Attack

(a) Each of the curves in Figure 14 demonstrate the

general behavior of NDP with increasing angle-of-attack for

the test runs. NDP is at its minimum value at low angle-of-

attack, increasing gradually with angle-of-attack to peak at

approximately 750 Above this angle, NDP either remains

constant or decreases slightly. The NDP for the single line

array with two cylinders from Granger(1994) coincided almost

exactly with the one array configuration with eleven

cylinders. In the plots depicting NDP vs angle-of-attack

(Figures 14-26), the data points at the 40' angle-of-attack

are significantly lower than the curve drawn through the other

points in the low velocity cases. Considering the consistent

nature of this "anomaly" along with the fact that it does not
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occur in the high velocity cases, it is difficult to dismiss

as experimental error. Indeed, the NDP drop-off seen between

300 and 500 seems to be an inherent characteristic of the

net's behavior at low velocity.

(b) Effect of Number of Arrays on NDP: Figure 14

demonstrates the general effect of increasing the number of

line arrays in the tow configuration. The addition of line

arrays increases the amount of drag that the net produces.

The only deviation from this trend is shown in Figure 15: from

300 to 350, NDP for the two array case is slightly higher than

that for the three array case. Note that by decreasing the

number of cylinders from eleven to six, the NDP for the

present one array case in Figure 15 is significantly lower

than Granger's single line array.

(c) Effect of Number of Cylinders per Line Array on NDP:

Generally, increasing the number of cylinders per line in the

net increased NDP (see Figure 16). Deviations from this trend

occurred in the nets portrayed in Figures 17 and 18. In

Figure 17, the three cylinder per line case has a higher NDP

than the six cylinder per line case from 00 to 200. As shown

in Figure 18, the six cylinder per line condition generates a

higher NDP than the eleven cylinder per line condition between

300 and 380.

(d) Effect of Tow Velocity on NDP: The net array was

towed at two different velocities which are referred to in

this section as low velocity (3 knots) and high velocity (6
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knots). For the eleven cylinder per line net, increasing the

tow velocity did not noticeably affect the NDP curves for the

nets with one or two line arrays and eleven cylinders per

line. Figure 19 illustrates this point for the two array,

eleven cylinder per line case. With the addition of one more

array, velocity begins to have a greater impact on the drag.

In Figure 20, the low and high velocity curves are similar at

low angles-of-attack. However, at low velocity, NDP increases

at a greater rate than at high velocity between 500 and 800,

maxing out at approximately 800. Figure 21 presents the four

array, eleven cylinder per line case. Though similar to the

results shown in Figure 20, the low and high velocity curves

do not coincide at low angles-of-attack. Again, the low

velocity curve increases at a greater rate from 500 to 780,

decreasing rapidly thereafter to approach the high velocity

curve. Similar behavior was seen for the six cylinder per

line cases with the exception of the low velocity curve on

Figure 22. Unlike the other graphs, NDP is highly nonlinear,

possessing a sine wave-like behavior with increasing angle-of-

attack. The sequence of plots for the three cylinder per line

nets also yield comparable trends. A representative plot of

this behavior is presented in Figure 23.

(e) Effect of Pre-Tension on NDP: Figure 24 shows the

typical effect of increasing the pre-tension on the leading

line array. The NDP for the high tension case is higher than

the NDP for the low tension case. Exceptions to this trend
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were observed in Figures 25 and 26. In Figure 25, the low

tension curve rises slightly above the high tension curve

between 640 and 820. In Figure 26, the low tension curve is

slightly higher than the high tension curve between 300 to

340. Thus, pre-tension of the leading line array appears to

be a significant factor to consider in the behavior of the

towed nets. This differs from the measured results of Granger

(1994).

4.2: NLP versus Angle-of-Attack

(a) In general, the normalized lift parameter (NLP)

versus angle-of-attack plots reveal a downward concave curve

at the early angles-of-attack (00 to 450) before it settled

out around the zero NLP region at higher angles-of-attack.

This shows that there are well-defined regions of either

maximum and/or minimum lift at specific angles-of-attack. An

example of this is the single array curve on Figure 27. Of

course, there were some exceptions to this trend, and these

are discussed below. Note that on Figure 27, NLP for

Granger(1994) single line array remained just under zero until

80', and then jumped up to just above one ft 2 .

(b) Effect of Number of Arrays on NLP: Figures 27 and 28

present the effect of number of arrays on NLP for the single

array with eleven cylinders per line at low speed and low

tension. In Figure 27, note that the one and two array curves

are nearly coincident, with both showing lift values in the
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positive region up to the 600 case. Similarly, the three and

four array curves are comparable to each other, showing that

lift drops off as angle-of-attack increases up to specific

large angles-of-attack. Figure 28 is a continuation of the

setup in Figure 27. Note that the five and seven array

conditions seem to coincide at the early angles-of-attack and

then begin to diverge at the 500 case. For this case, the

seven array condition generates negative lift for a maximum

separation of approximately 1.0 ft 2 NLP at 900. Note also

that the six and eight array curves are also nearly coincident

with the exception of a 0.4 ft- separation at 600. As seen in

Figure 29, decreasing the number of cylinders per line from

eleven to six alters the effect of the number of arrays on the

net's NLP. The one and two array curves are similar until

angle-of-attack equals 720, at which point the two array

case's NLP increases sharply to 2.4 ft2 as the one array case

becomes slightly negative. The four array case is almost

identical to the one array case. On the other hand, the

three array case is predominantly negative as it falls well

beneath the three other curves between 350 and 800. Note that

the upward jump experienced by the NLP for Granger's single

line array on Figure 29 at high angles-of-attack is also seen

in the NLP for net configurations with two and three lines.

When the number of cylinders per line is reduced to three

(see Figure 30), it is the two array case which becomes

predominantly negative as the three and four array cases are
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nearly alike. Note that NLP for Granger's single array

configuration behaves similarly to the present single line

array NLP with three cylinders in Figure 30 between 200 and

800. On the other hand, the one array case generates little

to no lift. At high tension (see Figure 31), the effect of

the number of arrays on lift is insignificant since all four

curves are nearly identical in their behavior.

(c) Effect of Number of Cylinders per Line Array on NLP:

Figure 32 illustrates the effect of the number of cylinders

per line on a single array net towed at low speed and at the

low tension configuration. Note that the three cylinder per

line case has very scattered data points, and the curve fit

does not accurately reflect the behavior of the points. The

six and eleven cylinder per line nets generate significant

lift, reaching maximum lift at 20' and then diminishing after

600. Figure 33 shows the curves for a two array

configuration. The addition of a second array results in a

decrease of lift (with the exception of the six cylinder per

line case at high angles-of-attack). When a third array is

attached to the net, the effect of the number of cylinders per

line changes once again. This time, the three cylinder per

line net has the greatest lift while the six and eleven

cylinder per line net are almost identical, having

predominantly negative lift values (see Figure 34). With four

arrays per line (see Figure 35), the number of cylinders per

line in the net has yet another effect. Lift for the net with
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eleven cylinders per line is negative for all values of angle-

of-attack, while the three and six cylinder per line nets give

identical results commencing at approximately 1.8 ft2 NLP

before dropping to zero lift for angles-of-attack greater than

or equal to 600. High tension curtails the effect of the

number of cylinders per line as seen in Figure 36. In

summary, the effect of increasing or decreasing the number of

cylinders plays no role in the behavior of lift.

(d) Effect of Tow Velocity on NLP: In general, the low

velocity curves for NLP show a greater variation and range of

lift than the high velocity cases. Figure 37 illustrates the

characteristic behavior of both curves: the low velocity case

has the greater lift at early angles-of-attack (00 to 59Q).

Peaking within these early angles (160), it drops below the

high velocity lift at a midrange angle-of-attack (590) and

hovers around or just beneath zero lift thereafter. Note that

in Figure 37, NLP for Granger's five knot case starts at low

angles-of-attack slightly above the three knot case before

dropping under the three knot case at the 500 angle-of-attack.

A notable exception from the general trend occurs in

Figure 38: instead of remaining at the low NLP condition at

high angles-of-attack, both the low and high velocity NLP

curves jump suddenly at approximately 70'. The low velocity

NLP rises from -0.3 ft 2 to 2.4 ft 2  in 200, and the high

velocity NLP grows from 0.1 ft2 to 1.1 ft2.
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(e) Effect of Pre-Tension on NLP: In general, the pre-

tension does not significantly affect the NLP in the array.

This conclusion was also reported earlier by Granger (1994).

Figure 39 is representative of the effect that pre-tension has

on NLP.

The only instance that pre-tension does make a difference

is when there are a high number of cylinders per line combined

with a high number of arrays. Figure 40 shows the results for

an eleven cylinder per line, three array configuration. Note

that the low tension net generates considerably less lift than

the high tension net. This is especially evident between 400

and 800. The addition of one more array increases the

differences between the two NLP curves at small angles-of-

attack as well as in the midrange angles (see Figure 41).

Referring to the one array case with only six cylinders per

line gives the result as shown in Figure 42. Note that this

compares to the one array case with eleven cylinders per line.

Similar trends occur for the rest of the six cylinder per line

family of curves except for the four array case (see Figure

43). Likewise, the low and high tension curves for the one

array, three cylinder per line case seen in Figure 44 are

separated by a difference of almost 1.9 ft 2 at the 300 angle-

of-attack, which is a rather excessive difference. Note that

the data looks questionable at the 300 angle-of-attack. The

last plot of significance in this section is Figure 45.

Although the low and high tension curves are very similar for
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angles-of-attack greater than 700, there is a substantial

difference between 30 and 700, with as much as a 1.1 ft 2

difference at approximately 45'. Again, this is considered

rather excessive.
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5. A Resume of the Findings

(i) Generally, drag acting on the towed net array

increased nonlinearly with increasing angle-of-attack. The

drag curve had a fairly constant positive slope up to an

angle-of-attack of approximately 600. At greater angles-of-

attack, however, slope began to decrease, either leveling out

at zero slope or becoming slightly negative.

(ii) The addition of line arrays to the towed net

increased the drag significantly. In general, the magnitude

of the increase depended on the number of cylinders present on

the added line array. With the addition of a line with eleven

cylinders, NDP increased by approximately 0.6 ft 2 . With the

addition of a line with six cylinders, NDP increased by

approximately 0.5 ft2. With the addition of a line with three

cylinders, NDP increased by approximately 0.4 ft 2

(iii) Increasing the number of cylinders per line array

in the towed net raised the amount of drag that it produced.

In general, the magnitude of increase in drag depended largely

on the number of arrays present. With nets containing one or

two arrays, changing from three to six cylinders per line

increased NDP by 0.2 ft 2 , and changing from six to eleven

cylinders per line increased NDP by 0.4 ft 2 . With nets

containing three or four arrays, changing from three to six

cylinders per line increased NDP by 0.4 ft 2 , and changing from

six to eleven cylinders per line increased NDP by 0.6 ft 2 .
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(iv) For net configurations containing a low number of

line arrays, tow velocity did not have a significant impact on

drag. However, as more line arrays were attached to the net,

the low velocity runs developed greater drag between 50° and

800 relative to the high velocity runs for the same net

configuration.

(v) Applying higher pre-tension loads to the leading

line array for the towed net increased the drag.

(vi) Generally, lift acting on the towed net was low at

small angles-of-attack and increased with a positive slope to

peak around the 200 angle-of-attack. At the 200 angle-of-

attack, the NLP curve's slope became negative, and NLP

decreased in a linear manner to the 60' angle-of-attack. The

NLP curve's slope then approached zero with increasing angle-

of-attack, causing NLP to settle out near zero lift at high

angles-of-attack. Significant deviation from this trend

occurred at high angles-of-attack for nets with a lower number

of cylinders per line and a lower number of arrays.

(vii) In general, the one and two array nets had

comparable lift curves, as did the three and four array nets.

This suggests a "group" effect of line arrays with regard to

the lift acting on the net.

(viii) The effect of the number of cylinders per line

array on lift is highly dependent on the number of arrays in

the towed configuration.
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(ix) The NLP values for the low velocity runs seem more

erratic and unpredictable than the high velocity runs,

especially when there are fewer line arrays and fewer

cylinders per line array.

(x) Pre-tension of the leading array only affects the

lift characteristics when there are a high number of cylinders

per line array and a high number of arrays. In these cases,

the low tension array generates less lift than the high

tension array. In addition, high pre-tension reduces the

effect that the number of cylinders per line array and the

number of line arrays have on lift.

Taken as a whole, these conclusions make a general

statement about the net array's stability. Variations from

the general trends observed in the net's behavior occurred

when the net's geometric dimensions were reduced (lower number

of arrays, fewer cylinders per line, lower velocity, and lower

pre-tension). This conclusion is supported by the video

images of the test runs recorded by Ahn (1995). The video

reveals that vertical oscillation of the individual lines and

cylinders in the net array was present to some degree in all

test runs. Furthermore, the video reveals that the magnitude

and frequency of these oscillations were reduced in nets

containing a low number of cylinders per line array or a high

number of line arrays. However, in some cases, having a high

number of line arrays also contributed to the net's

instability during the test runs. This is evidenced by the
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chaotic out-of-phase oscillation between consecutive line

arrays in some of the multi-line net configurations.

It is the opinion of the author that the unstable and

unpredictable behavior of a towed net array makes it

unsuitable for military application, posing potential safety

risks and producing unreliable deployment configurations. An

exploratory investigation was done to examine a more stable

method for deploying the cylindrical charges to destroy mines

in the surf zone, and is outlined in Appendix C.
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Appendix A: Experimental Results and Method

Table A.1 is a representative portion of the pre-test

matrix which served as a guideline for the order in which the

test runs were conducted. As stated in the body of the

report, not all of the pre-test matrix runs were performed.

This was due to one of two reasons. First, the maximum moment

that each streamlined strut could withstand was 2000 ft-lbf.

Since each strut was four feet in length, the maximum force

limitation was 500 lbs. Second, tow tank use for this

experiment was limited to just under three weeks. Thus, the

pre-test matrix was abbreviated in order to run as many

different net configurations as possible. The first six

columns in Table A.1 identify the towed net configuration for

each individual run. The last four columns were filled in

after obtaining and correcting the force data from the two

struts with the tare readings and pre-tension values.

Table A.2 contains the test data obtained from the

experiment. Note that there are 31 groups of data, each of

which are labeled by a two digit number in the upper left

corner of each block. This two digit number is called the

Test Set Number, and designates all the test runs performed

for a particular towed net configuration. The first three

columns identify the tow configuration for each individual

run, and the next four columns list the force data obtained

from the experiment. The two "Pre-Tension" columns show the
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tension force reading from each of the two struts. Finally,

the last two columns represent the calculated NDP and NLP for

each individual run.
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Appendix B: Polynomial Fit

As explained in Appendix A, the term Test Set designates

all the test runs conducted on a particular towed net

configuration. All the data within each Test Set with the

same tow speed and force type (NDP or NLP) were plotted

together. A polynomial fit curve was computed and drawn with

the computer program Mathematica through the data points for

each individual plot using the method of least mean squares.

Table B.1 contains the polynomial term coefficients for each

of these curves. The first three columns identify the

specific Test Subset, and the remaining columns list the

coefficient terms for the polynomial terms. These terms are

identified as cl, c2, c3, c4, c5, c6, c7, and c8. This

information can be converted into an equation by substituting

the coefficients into the following equation:

NDP [or NLP] = cl + c2 a + c3 a2 + c4 C3 (7)
+ c5a 4 + c6a + c7a 6 + c8 a7(

Note that a denotes angle-of-attack. This equation supplies

the amount of lift or drag (in normalized form) for a specific

net configuration at a specific angle-of-attack. As an

example, NDP for Test Set 10 at low speed. The appropriate

equation would look like this:
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NDP = -1.0661 + 0.0273 a + 7.4618x10- 4 a2 - 8.8028x10 6a (8)

By matching the Reynolds number of the model and the

prototype, the equivalent speed of the prototype could be

determined. Then, by matching the drag and lift coefficients,

the lift and drag forces for the prototype net moving through

the air can be determined.
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Appendix C: Alternative Method for Neutralizing Surf Mines

As stated in the body of the report, it is the opinion of

the author that the inherent instability of a net traveling

through a fluid precludes its use in military application.

Therefore, an alternative method of deploying the cylindrical

charges for the purpose of destroying surf zone mines was

explored with Midshipman First Class Jason E. Rimmer as part

of the capstone senior design project in the mechanical

engineering curriculum.

Instead of using a flexible cord to connect the array in

a net shape to hold the cylinders together, this alternative

concept utilizes rigid rod-like arms arranged like the petals

of a flower (see Figures 46a amd 46b). Each arm consists of

two smaller segments which allow the arm to fold up (see

Figure 47), decreasing the amount of space it takes up as it

is stored and transported to the delivery point. At each

bending joint between the arm segments and between the arm and

the central nosepiece is a spring-loaded hinge. The tension

in the springs would straighten the arm out and deploy the

weapon in the configuration seen in Figures 46a and 46b. To

carry the weapon, these arms would be placed in the

configuration in Figure 47 and held together by either a

hollow cylindrical shell which would fit around the arms or a

small tail section which would also fit around the arms.
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Figure 46a: Deployed Weapon, Top View
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Figure 46b: Deployed Weapon, Perspective View



112

4

Figure 47: Undeployed Weapon, Perspective View and Top View
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This weapon would probably be dropped from a low-

altitude, low-speed helicopter in mass quantities to ensure

clearance of a desired area. When released, a drogue chute

would deploy from the weapon, pulling off the outer shell and

allowing the arms to spread out. After impacting the water,

it would sink and explode at a predetermined depth, setting

off nearby underwater land mines. The central nosecone as

well as the cylinders distributed along the arms would contain

explosives for this purpose.

A model of the weapon illustrated in Figures 46a, 46b,

and 47 was built with the following materials:

Nosecone: 16 lb/ft 3 foam cut into a 9.5-inch hemisphere;

Cylinders: 16 lb/ft 3 foam cut into cylinders of length 5

inches and diameter 3 inches;

Arms: 1/16-inch aluminum sheet bent into channels with

three equal sides of length 3/4-inch;

Drogue Chutes: Two 24-inch diameter nylon chutes

purchased from the Estes Rocket Company;

Tail Section: Six-pronged "fork" made of 1/8-inch

aluminum sheet which held the arms in the undeployed

position.

This model was constructed in the Technical Support Division

Shop in the basement of Rickover Hall.
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After assembly, the model was dropped off the ten-meter

platform at the swimming pool in Lejeune Hall at the United

States Naval Academy. It was found that even in this short

fall distance, the arms still deployed into their "straight"

positions. Additionally, when thrown upside down (nosecone

up), the model began to flip itself around before impacting

the surface of the water. This suggested an inherent

stability to this method of delivering and distributing the

explosive charges.


